PKA-promoted protein phosphorylation has both transcriptional and posttranscriptional effects. The former occur predominantly by the action of cAMP-response element (CRE) binding protein (CREB) and cAMP-response element modulator (CREM), which bind to cis-acting CREs, short DNA consensus elements, of PKA target genes (13, 14) . Several aspects of cAMP͞PKA-dependent gene regulation remain unclear, especially in view of recent evidence that cAMP stimulates PKAindependent target proteins (e.g., Epac1, Epac2, and PDZ-GEF1͞RA-GEF1) that can regulate gene transcription by activating the Rap1 protein (15) . The precise identity and mechanisms of regulation of genes responsible for cAMPpromoted G 1 ͞S-phase cell-cycle arrest are also not well defined. Genes such as p21, p27, and the cyclin D3 gene have been implicated (16) , but cell-cycle regulators have not been comprehensively examined.
Here, we describe results of gene expression profiling in WT and Kin Ϫ S49 cells, analyzed with a model of the cell-cycle pathway to identify G 1 ͞S cell-cycle checkpoint genes regulated at the mRNA and protein levels by cAMP͞PKA. To distinguish between cAMP͞PKA-regulated primary and secondary transcripts, we tested the hypothesis that primary transcripts are regulated early (i.e., within 2 h of cAMP treatment) and enriched in evolutionarily conserved CRE sites near transcriptional start sites.
Methods Cell Lines and Treatment with cAMP Analog. WT and Kin
Ϫ S49 cells were cultured in suspension with minimal changes in media or physical perturbation in Dulbecco's modified Eagles' medium supplemented with 10% heat-inactivated horse serum and 10 mM Hepes (pH 7.4) in a humidified atmosphere containing 10% CO 2 at 37°C. Cells were incubated with 100 M 8-(4-chlorophenylthio)-cAMP (8-CPT-cAMP) (Sigma), a cAMP analog highly specific for PKA activation (17) for 2, 6, and 24 h. Stock cells were subcultured and maintained at a density not greater than 2 ϫ 10 6 cells per ml in T75 flasks throughout experiments. Cultures were initiated at a density of 4-5 ϫ 10 5 cells per ml for RNA extraction and at 2.5 ϫ 10 5 cells per ml for cell-growth experiments and protein extraction.
Sample Preparation for Expression Array Analysis. Total cellular RNA was isolated from cells by using an RNeasy minicolumn (Qiagen, Santa Clara, CA). Total RNA was reverse transcribed with superscript II reverse transcriptase and an oligo(dT) primer containing a T7 RNA polymerase promoter. Singlestranded cDNA was converted into ds cDNA and then purified (MessageAMP aRNA Kit, Ambion, Austin, TX). Biotinylated cRNA was generated from ds cDNA by in vitro transcription (MessageAMP aRNA Kit). After a further round of purification, in vitro transcription reactions yielded 30 -70 g of biotinylated cRNA, which was fragmented to Ϸ100-bp fragments before hybridization.
Analysis of Transcript Levels and Unique Gene Counts with the 430 A
Microarray. Each 430 A chip, which contains probes for 22,626 transcripts (representing 13,642 unique Ensembl or Unigene genes based on annotations from www.affymetrix.com and www. ensembl.org͞Multi͞martview), was hybridized to 10 g of fragmented cRNA. Arrays were hybridized and scanned with a GeneArray Scanner (Hewlett-Packard; and Affymetrix, Santa Clara, CA). For each array, the .cel files were generated with the Affymetrix Microarray Suite 5.0 and analyzed with GC RMA (18) . All of the data are available at the Gene Expression Omnibus (www.ncbi.nlm.nih.gov͞projects͞geo͞) under the accession no. GSE2413.
Comparisons, Statistical Analysis, and Hierarchical Ordered Partitioning and Collapsing Hybrid (HOPACH) Clustering. To identify transcripts that exhibited variability during the study, we generated seven groups of ratios for clustering. Four groups of ratios were generated by subtracting the average of the log 2 signal values of 0-h WT cells from the corresponding probe sets of the following four groups: 2-, 6-, and 24-h cAMP-treated WT cells, and 0-h Kin Ϫ cells. Three other groups of ratios were generated by subtracting the 0-h Kin Ϫ log 2 signal values from each of the Kin Ϫ cAMP-treated cells (2, 6 , and 24 h). The 6,339 most robustly changed probe sets (permutation F test statistic of P Ͻ 0.05 and fold change Ͼ50% in at least one group) were clustered with the HOPACH clustering algorithm (19) . HOPACH clustering produced 6 first-level clusters and 42 second-level clusters (denoted, for example, as 1 3 indicating first-level cluster 1, second-level cluster 3). The 6,339 robustly changed probe sets were filtered again to 4,947 probe sets that represented unique genes within first-level clusters. These relationships provided a unique gene count in a given comparison (Fig. 1) and a method to exclude redundant probe sets in the first-level HOPACH clusters (Fig.   2) . For pairwise comparisons, we computed permutation T test statistics and fold calculations with the log 2 GC RMA signal values. Because we had three replicates per time point, the permutation tests resulted in the smallest P values of either 0.02 or 0.057; therefore, we used a P Ͻ 0.06 to include genes with permutation P values of 0.057. To determine the percentage of genes in the genome changed by cAMP͞PKA, we computed a permutation F test statistic with the four WT log 2 expression groups (0, 2, 6, and 24 h).
MAPPFINDER Results.
First-level and second-level clusters were annotated with Gene Ontology (GO) information (www. GeneOntology.org) with the MAPPFINDER program (20) . The raw output was sorted for MAPPFINDER terms that had at least three genes changed with a Z-score Ͼ2 (approximately equivalent to a P Ͻ 0.05). For first-level cluster results ( Table 1 , which is published as supporting information on the PNAS web site), only the most significant term from a group of ''parent-child'' relationships is shown, based on a gene number weighted Z-score, thus significantly simplifying the results. For the second-level cluster, MAPPFINDER results yielding the GO term with the highest Z-score are represented (Fig. 2) . Z-scores were calculated by subtracting the number of genes expected to be randomly changed in a GO term from the observed number of changed genes in that GO term. This value was then divided by the standard deviation of the observed number of genes under a hypergeometric distribution (20) .
CRE Site Mapping. Locus Link IDs were used to determine the genomic loci of the 4,947 genes in the six main HOPACH clusters. Five-kilobase upstream sequences from each mouse transcriptional start site along with orthologous human sequences were extracted from the whole genome alignment of mouse and human (21) . CRE sites were identified with the regulatory VISTA (RVISTA) program (22), based on TRANSFAC Professional 7.4 library (23) to identify CRE (TRANSFAC matrix ID: V$CREB01) sites in each of the aligned sequences, and to determine which of the predicted sites were aligned and conserved between the species in the alignment.
Real-Time Quantitative RT-PCR. As a validation of the microarray results, we used real-time RT-PCR analysis of 15 transcripts at three time points and found a high degree of correlation (R 2 ϭ 0.872, slope ϭ 0.997, n ϭ 45; see also Fig. 6 , which is published as supporting information on the PNAS web site). Real-time RT-PCR was conducted as described (3) . Total RNA, prepared as described above, was used to generate cDNA templates with Reverse Transcriptase Super Script II (Invitrogen), and cDNA amplification was quantitatively analyzed by incorporation of SYBR green (Qiagen, Santa Clara, CA) into dsDNA. Samples were compared by the relative (comparative) threshold cycle (Ct) method. Fold induction or repression was measured relative to controls and calculated after adjusting for GADPH by using 2 Ϫ⌬⌬Ct , where ⌬Ct ϭ Ct for gene of interest Ϫ Ct GADPH and ⌬⌬Ct ϭ ⌬Ct treatment Ϫ ⌬Ct control. Sequences for primers are listed in Table 2 , which is published as supporting information on the PNAS web site.
Immunoblot Analysis. Cells treated or not with 8-CPT-cAMP for 24 h were counted, washed once with ice-cold PBS, sonicated in 1ϫ Nu-Page LDS Sample Buffer (Invitrogen), and the volume was adjusted for cell number. Lysates (10-30 g per lane) were electrophoresed on 12% precast Nupage gels and transferred to nitrocellulose membranes for incubation with antibodies (Santa Cruz Biotechnology): p27, sc-1641; GADD45␣, sc-796; actin, sc-8432; goat anti-rabbit, sc-2030; and goat anti-mouse, sc-2031. Blots were developed with Lumigen TMA-6 (Amersham Pharmacia Biosciences); chemiluminescent signals were captured, quantitated with a Bio-Imager (Ultraviolet Products), and normalized to actin expression. Graphing and statistical analysis were done with PRISM software (GraphPad, San Diego).
Results and Discussion
PKA Is Required for cAMP-Mediated Gene Expression in S49 Cells. We profiled the expression patterns of 22,626 mouse gene transcripts (13,642 unique Ensembl or Unigene genes) in WT and Kin Ϫ S49 lymphoma cells that were treated with 8-CPT-cAMP, a PKAspecific cAMP analog (17), for 2, 6, and 24 h. The fold-changes calculated from the microarray data correlated well with RT-PCR results (R 2 ϭ 0.872, slope ϭ 0.997, n ϭ 45; see also Fig. 6 ). WT and Kin Ϫ cells have essentially identical growth kinetics (Fig. 7A , which is published as supporting information on the PNAS web site) unless incubated with 8-CPT-cAMP, which arrests Ϸ65% of WT, but not Kin Ϫ , cells in G 1 by 18 h (Fig. 7B ). Incubation of WT S49 cells with 8-CPT-cAMP significantly changed (P Ͻ 0.06, fold change Ͼ1.5) the expression of 1,680, 2,050, and 3,337 genes at 2, 6, and 24 h, respectively, with a similar number of increases and decreases at each time point (Fig. 1) . Overall, this represents a change in 4,475 of the 13,642 transcripts on the microarrays. In similarly treated Kin Ϫ cells, only 7, 6, and 9 genes were changed at 2, 6, and 24 h, respectively. Increasing the filtering stringency from 1.5-to 2.0-fold resulted in 714, 890, and 1,861 gene expression changes (P Ͻ 0.06) in the WT cells at 2, 6, and 24 h, respectively, but only one alteration in Kin Ϫ cells (at 2 h). PKA-independent cAMP signaling can occur by means of Epac, a protein activated by cAMP (15); we assessed for and found expression of this gene (Rapgef3). Thus, although this alternative cAMP signaling system appears to be present in S49 cells, PKA is required for cAMP-mediated gene regulation in these cells and mediates a Ն50% change in expression of Ϸ12% of genes within 2 h with Ϸ33% of the genes showing gene expression changes over 24 h. 
HOPACH Clustering and GO Analysis of PKA-Mediated Gene Expression
Patterns. To characterize gene expression patterns, we used HOPACH (19) to cluster the 4,947 genes with the most prominent changes during 8-CPT-cAMP treatment (Fig. 2 ). Six large first-level clusters that could be subdivided into smaller secondlevel clusters were identified: early-induction (cluster 1), sustained-induction (cluster 2), late-induction (cluster 3), laterepression (cluster 4), sustained-repression (cluster 5), and early-repression (cluster 6). Using MAPPFINDER (www.GenMAPP.org) (20), we annotated the first- (Table 1 ) and second-level (Fig. 2) clusters with GO (www.GeneOntology.org) terms to obtain a functional description of the gene expression patterns. The early-induction cluster, which we hypothesized would include transcripts regulated preferentially and directly by PKA, contained genes involved in the endoplasmic reticulum (n ϭ 23), kinase activities (n ϭ 30), cell differentiation (n ϭ 12), and others (Table 1) . Conversely, late-induction genes were involved in the lysosome (n ϭ 22), hydrolase activity (n ϭ 103), intracellular signaling (n ϭ 43), and cell death (n ϭ 26). The late-repression group included genes involved in the cell cycle (n ϭ 70), RNA binding (n ϭ 54), and protein metabolism (n ϭ 112). By 24 h, 70 genes involved in the mitotic cell cycle were downregulated, consistent with the idea that transcriptional regulation mediates cAMP͞PKA-promoted G 1 -phase cell-cycle arrest. RNA synthetases and translation factors (Fig. 8 , which is published as supporting information on the PNAS web site) were coordinately down-regulated by 24-h treatment of WT S49 cells with 8-CPTcAMP. This shutdown in protein synthesis accompanied the downregulation of mitotic cell-cycle genes.
Circadian Rhythm Clock Genes Are Induced by cAMP. Several circadian rhythm clock genes (Table 1) were identified in early-induction cluster 1. Of these clock genes identified by MAPPFINDER in cluster 1, only Per1 was significantly induced by 2 h (4-fold induction; P Ͻ 0.05), consistent with a previous report (24) . Per1 is under circadian regulation in human and mouse peripheral tissues (25, 26) and is responsible, in part, for maintaining core clock rhythm. Per1 forms heterodimers with other proteins to inhibit the transcriptional activity of the circadian clock transcription factors Clock͞Bmal1. Transcriptional regulation controlled by the core circadian rhythm clock is estimated to involve Ϸ8-10% of peripherally expressed genes (27) .
Several lines of evidence support the concept that the cAMPmediated alteration of circadian-regulated genes in S49 cells contributes to cell synchronization and G 1 -phase cell-cycle arrest. We tested cAMP-regulated genes against three groups of genes under circadian regulation in mouse liver (n ϭ 426), heart (n ϭ 345), and suprachiasmatic nucleus (n ϭ 343) (28) . The circadian gene lists overlapped significantly with cAMP-regulated genes whose expression changed significantly (1.5-fold; P Ͻ 0.06) ( Table 3 , which is published as supporting information on the PNAS web site). These results support the idea that cAMP͞PKA alters the regulation of a major secondary transcriptional network controlled by the circadian clock within 2 h. Alterations in circadian clock genes affect cell-cycle-controlled phenotypes in cancer (29) and hepatic regeneration (30) .
Mapping of Conserved Human and Mouse CRE Sites. To define mechanisms underlying the transcriptional effects of cAMP and PKA, we assessed all transcripts on the microarrays for evolutionarily conserved CRE sites, DNA consensus elements [TGACGT(C͞A)A] that initiate PKA-mediated transcription (13, 14) . Using human͞mouse genomic alignments to scan 5 kb of upstream conserved sequence(s) from the transcriptional start site, we identified evolutionarily conserved CRE sites with a matrix based on the CRE consensus element. Alignment of CRE sites in human and mouse sequences defined a conserved 21-bp interval with Ͼ80% conservation. This approach allowed the identification of Ϸ90% of experimentally verified binding sites over a 1-Mb gene-rich, well-annotated genomic interval (22) .
We hypothesized that target genes of PKA-controlled transcription factors would be regulated within 2 h of cAMP treatment (early-induction cluster 1) and enriched in evolutionarily conserved CRE sites near their transcriptional start sites. Indeed, the genes up-regulated at 2 h included more CRE sites than other clusters or than all genes on the array (Fig. 2, clusters 1 2 , 1 5 , and 1 6 ; see also Fig. 9 , which is published as supporting information on the PNAS web site). Genome-wide analysis of Ϸ15,000 aligned promoter regions revealed that the majority of CRE sites were within 250 bp of the transcriptional start site (Fig. 10 , which is published as supporting information on the PNAS web site), implicating them as functional CRE sites (31) . Of the 1,680 genes that showed 1.5-fold change within 2 h, 111 of the up-regulated genes and 41 of the down-regulated genes contained at least one conserved CRE site (Table 4 , which is published as supporting information on the PNAS web site), suggesting that these are likely primary targets of cAMP͞PKA. Other genes transcriptionally regulated by cAMP at 2 h may be regulated by other mechanisms, perhaps as secondary transcriptional networks (i.e., the circadian clock as discussed above). This hypothesis is supported by analysis using MAPPFINDER, which indicated that 41 transcription regulator activity genes (P ϭ 0.004) are in the early-induction cluster (Table 1) . Another possible explanation for the small percentage of early-induction genes that contain CRE sites is that the mouse transcripts that we measured may contain functional CRE sites that are not evolutionarily conserved or not within 5 kb upstream of the transcriptional start site. Other clusters (sustained-induction clusters 2 2 and 2 3 , and late-repression clusters 4 5 , 4 7 , and 4 9 ) were also enriched in CRE sites, perhaps indicative of differences in properties of CRE-binding protein͞CRE modulator and DNA interaction.
The complexity and cell specificity of PKA regulation are underscored by comparison of these findings to the 78 topscoring ''hits'' of Conkright et al. (31) , who identified conserved CRE sites in a human and mouse genome alignment. Probe sets for 77 of those transcripts were measured by our microarrays but only 7 transcripts were significantly (P Ͻ 0.06) up-regulated, whereas 3 transcripts were down-regulated 1.5-fold at 2 h by cAMP͞PKA (Fig. 11 , which is published as supporting information on the PNAS web site). These results imply that one cannot currently predict transcriptional regulation by cAMP͞CRE solely by comparing human and mouse genomes. The data also indicate that substantial CRE silencing may occur in particular tissues and suggest that only a fraction of CRE-containing genes are transcriptionally active in a specific cell type (32) .
Induction of the Inducible cAMP Early Repressor (Icer) Gene by 2 h.
Our data indicated that in 8-CPT-cAMP-treated WT S49 cells, CRE-mediated transcription was inhibited within 2 h, as evidenced by the strong induction of the inhibitory CRE-modulator (CREM) isoform, ICER, which binds to CRE and decreases PKA-mediated transcription (13, 14) . Expression of Crem was up-regulated at all three time points (Fig. 3) . Two up-regulated probe sets that target the 3Ј end of the Crem gene detect both Crem and Icer, and a third probe set, for which there was no change in expression, targets the middle of the gene. Quantitative RT-PCR studies confirmed the unchanged expression of the middle portion of the Crem gene. Thus, Icer was highly induced in S49 cells by cAMP͞PKA within 2 h of treatment with 8-CPT-cAMP, suggesting that by this time an autoregulatory PKA feedback loop decreases CRE-mediated transcription. Indeed, Icer induction was detectable between 30 min and 1 h (Fig. 12 , which is published as supporting information on the PNAS web site). The induction of Icer is consistent with the conclusion that most gene expression changes in response to 8-CPT-cAMP after 2 h occur by CRE-independent secondary transcriptional networks.
Changes in Cell Cycle G1͞S-Phase Mediators and Checkpoints. The expression of several genes involved in the cell cycle was changed in response to cAMP ( Fig. 4 ; see also Fig. 13 , which is published as supporting information on the PNAS web site, for expanded pathway). We observed substantial up-regulation of genes that inhibit G 1 -S progression [e.g., Gadd45a, p27, Ccng2 (cyclin G 2 )] and, in parallel, a down-regulation of genes that induce the G 1 -S transition (e.g., Cdk2, Ccne1, and Ccne2). Using quantitative RT-PCR and immunoblotting, we confirmed the changes at the mRNA and protein levels (Fig. 5) . The increase in Gadd45a mRNA and protein levels at 2 h was particularly striking, independent of changes in p53 mRNA expression and preceded changes in protein expression of the other G 1 ͞S-related transcripts; however, Gadd45a does not have conserved CRE sites Ͻ5 kb from its initiation site. We analyzed transcript levels for Gadd45a, p27, Ccng2, cyclin E1, cyclin E2, and p27 at earlier time-points (0.5 and 1 h) by real-time RT-PCR, and only Gadd45a showed substantial regulation at 30 min (8-fold) and 1 h (16-fold) (Fig. 12) . Induction of p27 by increasing cAMP levels has been shown (16), but we know of no prior report that PKA activation strongly induces mRNA for Gadd45a (22-fold by 2 h) and Ccng2 (5.5-fold by 2 h). Other evidence implicates changes in Gadd45a expression, perhaps in a p53-independent manner, in G 1 cell-cycle arrest, although a role in G 2 ͞M has also been noted (33, 34) .
Summary and Discussion. These studies in WT and Kin Ϫ S49 cells define a transcriptional ''topography'' of gene expression regulated by cAMP acting by means of PKA. The results show that PKA activation of WT S49 cells by cAMP for 24 h leads to changes in Ϸ33% of the genome. Other cells types that have less dramatic phenotypic responses than do S49 cells (i.e., G 1 cell-cycle arrest and cytolysis) to cAMP͞PKA activation will likely show different and potentially fewer numbers of differentially regulated transcripts (32) . Mapping of evolutionarily conserved PKA-responsive transcriptional CRE sites showed that clusters of early-induced genes were enriched in these elements, implying that they are primary PKA-regulated transcripts (Table 4) . Of these early-induced genes, only 152 of 1,680 that changed within 2 h of cAMP treatment contained conserved CRE sites, suggesting that a substantial number of secondary transcriptional events occur within 2 h of cAMP treatment. This hypothesis is supported by three observations: (i) cAMP regulates the circadian clock, which can regulate Ϸ8-10% of peripherally expressed genes; (ii) 41 genes in the early-induction cluster are classified by GO as having transcription regulator activity (P ϭ 0.004); and (iii) CRE-mediated transcription is blunted by the large induction of the inhibitor Icer (Fig. 3) .
Using GO classifications, we have defined this transcriptional topography in terms of known biological annotation ( Fig. 2 ; see also Table 1 ) and have posted these results (web site available from the authors on request) so as to allow visualization of all of the genes represented by the GO terms in Table 1 .
We observed early induction (2 h) of several G 1 -phase cellcycle checkpoint genes, but when combined with protein analysis, Gadd45a emerged as a potential primary mediator of cell-cycle regulation by cAMP͞PKA. Later changes in gene expression, which include down-regulation of genes involved in the G 1 ͞S-phase transition (Fig. 4) , S-phase DNA replication (Fig. 12) , and translation (Fig. 8) likely contribute to secondary aspects of cell-cycle control produced by cAMP and PKA. It will be of interest to determine whether the changes we observed in S49 cells are found in other cell types that undergo cAMPpromoted cell-cycle arrest in the G 1 phase and how such changes contrast with those in cells that, unlike S49 cells, have enhanced replication in response to cAMP (2, 5, 7) .
